We constructed a series of deletions in the 5' noncoding region of the Saccharomyces cerevisiae GAL7 gene, fused them to the Escherichia coli gene lacZ, and introduced them into yeasts by using a multicopy vector. We then studied the effect of the deletions on P-galactosidase synthesis directed by the gene fusions in media with various carbon sources. This analysis identified a TATA box and two upstream activating sequences as necessary elements for galactose-controlled GAL7 transcription. Two upstream activating sequences exhibiting 71% homology with each other were located 255 and 168 base pairs, respectively, upstream of the GAL7 transcription start point. Each sequence consists of 21 base pairs, displaying an approximate rotational symmetry with a core consensus sequence of GAA--GCT CT -{CCG. At least one of the two sequences is required for galactose induction and also for glucose repression of the GAL7'-lac'Z gene. Analysis with host regulatory mutants Agal4 and Agal80 suggests that these sequences are the site at which the GAL4 product exerts its action to activate the GAL7 gene. We also observed that a deletion lacking both upstreamn activation sequences allowed the gene fusion to be expressed in the absence of galactose at about 10% of the fully induced level of the intact fusion. This constitutive expression depended on the presence of the TATA box of GAL7 in cis but not on a functional GAL4 gene. The level of the uncontrolled expression was decreased by increasing the distance between the TATA box and the pBR322 sequence in the vector plasmid.
A growing body of evidence indicates that promoters of type II eucaryotic genes consist of two elements. The highly conserved TATA box region (3) usually located within 100 base pairs (bp) of the transcription start point is required for the accurate initiation, and a sequence lying more than 100 bp upstream from the transcription start determines the efficiency of transcription (3, 13) . The two elements have been identified in several genes of Saccharomyces cerevisiae (8, 15, 16, 24, 38, 42, 43, 48, 49) . The upstream elements in those yeast genes are referred to as upstream activating sequences (UASs), through which the efficiency of transcription is regulated in response to particular physiological signals, such as the presence of carbon sources (16, 38, 49) , amino acids (8, 24, 42) , heme (15) , or phosphate (34) in the medium. Such a signal is thought to be transmitted to the UAS of a target gene by the mediation of a regulatory protein(s). Thus, the transcriptional regulation of the yeast genes is believed to involve the interaction of the target gene with the corresponding regulatory protein at the UAS.
The set of galactose-inducible genes of yeasts, GAL7, GALIO, and GAL] (designated GAL1,7,10 collectively), which map contiguously to each other on chromosome II (9, 41) is a useful example for understanding transcriptional regulation in terms of protein-DNA interaction because of the large amount of available information. It has been shown that GAL] and GALIO are divergently transcribed from an intergenic region and that GAL7 is independently transcribed in the same direction as GALIO (40, 41) . The 5' flanking regions of all three genes have been sequenced, and all three transcription start points have been mapped precisely (19, 30, 49) . The transcripts of GAL1,7,10 are not detectable in yeasts grown in the absence of galactose. Each transcript is synthesized upon the addition of galactose to the medium and accumulates to a level of 1 to 2% of the total poly(A)+ RNA within 15 min after addition of the sugar (40, 41) . Two genes designated GAL4 and GAL80 are primarily involved in the tight regulation of the structural GAL genes (10) . A number of mutants, recessive and dominant, have been isolated in each of the regulatory genes. The dominant mutations in GAL80 (GAL80S [11, 32] ) and the recessive mutations in GAL4 (gal4 [9] ) render GALI,7,10 uninducible by galactose, whereas the recessive mutations in GAL80 (gal80 [9] ) and the dominant mutations in GAL4 (GAL4C [10, 25] ) make the expression of GAL1,7,10 constitutive. The presence of two mutations, gal4 and gal80, in yeasts leads to the uninducible phenotype. The coexistence of GAL4C and GAL8OS, on the other hand, leads to various phenotypes: constitutive, inducible, or uninducible, depending on the alleles of GAL80s (11, 32) . Recently, GAL4 (17, (20) (21) (22) and GAL80 (31, 33, 45, 50) have been cloned and sequenced.
In light of the above findings, together with the fact that the GAL4 gene is constitutively expressed (26, 35) , the current model assumes the direct interaction of the GAL4 product with the GAL],7,10 genes in the induced state (34) . In the uninduced state, the GAL80 product inactivates the GAL4 product, probably through the formation of a proteinprotein complex. Galactose added to the medium enters the cell and probably binds to the GAL80 protein (33) , resulting in dissociation of the GAL4-GAL80 complex to release active GAL4 protein. In addition, the expression of GAL1,7,10 is known to be severely repressed by glucose (1). This phenomenon is called glucose repression; its mechanism is still obscure despite the identification of several mutations conferring resistance to glucose repression on GALI, 7,10 (27) .
In a previous report (44) , we demonstrated the approximate location of the UAS of GAL7 in its 5' noncoding sequence by using a gene fusion, GAL7'-lac'Z. Here we present evidence that two functionally equivalent UASs exist in that region, either of the two being sufficient for the S. CEREVISIAE GAL7 PROMOTER 247 full expression of GAL7 transcription. We suggest that these sequences are the sites through which the GAL4 product exerts its action to activate the GAL7 gene. We further suggest that the UAS-GAL4 system is also involved in glucose repression.
( S. cerevisiae MT8-1 (a ade ura3 his3 leu2 trpl) (44) was used routinely as the host for yeast plasmids. The isogenic regulatory mutants Agal4 and Agal80 (44) were used to analyze the effect of trans-acting regulatory mutations.
Media. Bacterial media were LB (1% tryptone, 0.5% yeast extract, 1% NaCl), which was supplemented with 30 ,ug of ampicillin per ml when necessary, and YT (0.8% tryptone, 0.5% yeast extract, 0.5% NaCl), which was used for transfection of M13 phage.
Enriched minimal media for the growth of GAL7'-lac'Z fusion-bearing yeasts contained 0.66% yeast nitrogen base, 0.5% Casamino Acids (Difco Laboratories, Detroit, Mich.), 0.002% L-tryptophan, 0.004% adenine sulfate, and 2% each of the following carbon sources for the indicated medium: glucose for SGlu; glucose plus galactose for SGluGal; glycerol plus sodium lactate for SGlyLac; and glycerol, sodium lactate, and galactose for SGlyLacGal.
Enzymes and chemicals. The restriction enzyme BstEII, phosphatase, and exonuclease BAL 31 were purchased from Bethesda Research Laboratories, Inc., (Gaithersburg, Md.). The other restriction enzymes, phosphorylated BglII linker (5'-pCAGATCTG-3'), phosphorylated BamHI linker (5'-pCGGATCCG-3'), T4 DNA ligase, T4 DNA polymerase, T4 polynucleotide kinase, and DNA polymerase I large fragment (Klenow) were the products of Takara Shuzo Corp. Si nuclease was obtained from Sankyo Seiyaku Corp.
Plasmid preparation and transformation. Plasmids were prepared from E. coli by alkaline extraction (4). E. coli transformation was performed by the conventional method (23) . Yeast transformation was performed by the lithium ion method (18) . Transformants were selected on LB agar with ampicillin for E. coli and on SGlu agar lacking uracil for yeasts.
Construction of recombinant DNA molecules. (i) Deletion in the 5' noncoding region of GAL7'-lac'Z fusion. Terminal deletions were generated starting from the previously described plasmid p(I)-E271 which bears the entire GAL7 gene including its 5' flanking sequence of 271 bp upstream from the transcriptional start (44) . The plasmid DNA was cleaved at the unique BamHI site in the 5' flanking region of GAL7 ( Fig. 1 BamHI and SalI. The DNA fragments with various lengths of GAL7 5' noncoding region were isolated through 1.2% agarose gel electrophoresis and inserted into the vector YEp24 (5) by replacing the pBR322 fragment between the BamHI and SalI sites. The resultant plasmids (pMT24) were amplified in E. coli, and the insert DNA was sequenced as described below to determine the deletion endpoint. The GAL7'-lac'Z fusions were subsequently constructed by replacing the BglI-SalI fragment of the 3' part of GAL7 in each of the deletions with the BamHI-SalI fragment of pMC874 (7) which contains the lacZ gene of E. coli, as described in the previous report (44) .
Internal deletions were constructed by two steps. First, p(I)E-271 was cleaved at the BstEII site which is located 210 bp downstream from the transcriptional start of GAL7, followed by treatment with BAL 31. The BAL 31-treated fragments were filled in with Klenow fragment and recircularized with T4 DNA ligase in the presence of phosphorylated BglII linker to yield pMT34. The deletion endpoints were determined by DNA sequencing as described below. Second, the SalI-BglII fragment of pMT34 was replaced with the SalI-BamHI fragments of an appropriate GAL7'-lac'Z fusion bearing the terminal deletion obtained above.
(ii) GAL7'-PHO5'-lac'Z fusion. Plasmid pAT196 carrying the PHO5'-lac'Z fusion was constructed by A. Toh-e from the plasmids pAT77 (29) for the PHO5 region and pMC1415 (7) for the lacZ region. The hybrid gene thus constructed consists of a 540-bp sequence of the PHO5 5' flanking region, the initial 17 codons of its coding region, and the 5' truncated lacZ gene (Fig. 2) . The plasmid was cut at either the ClaI or BstEII site in the 5' noncoding region of PHO5. The cleaved ends were filled in with Klenow fragment, and then the plasmids were recircularized with T4 DNA ligase and phosphorylated BglIl linkers. From the resultant plasmids, the BglII-SaII fragments containing the PHO5'-lac'Z fusion were isolated and ligated with the BgIII-Sall fragments consisting of YEp24 and the GAL7 5' noncoding region (Fig. lb) .
DNA sequencing. DNA sequence analysis of in vitrogenerated deletions was performed by the method of Sanger et al. (37) . The BamHI-BstEII fragment of pMT24 (Fig. la) and the BglII-HindIII fragment of pMT34 (Fig. lb) were isolated and subcloned into the replicative form of M13 mpll DNA (28) . Single-stranded DNA was obtained by transfection of E. coli JM105 and served as the template for primer extention in the presence of dideoxy-nucleoside triphosphate with the Klenow fragment. Sequence ladders were resolved with 8% polyacrylamide-8.3 M urea gels (45 by 25 by 0.03 cm). Autoradiography was performed with Fuji RXO-H film at room temperature.
Nuclease Sl mapping. Total RNA was isolated from logarithmically growing yeasts by the method of Sripati and Warner (39) . Poly(A)+ RNA was selected from the total RNA fraction with oligo(dT)-cellulose. As the probe, the 1.6-kbp BglII-SalI fragment of GAL7 from the plasmid pYF1016 (30) was 5' end labeled with [-y-32P]ATP at the BglII site with T4 polynucleotide kinase. The conditions for hybridization and S1 nuclease digestion were those described by Weaver and Weissman (46) .
Assay of j8-galactosidase. Cells carrying the lac'Z fusion plasmids were grown to the mid-log phase (optical density at 660 nm of 1.0) in 5 ml of synthetic medium lacking uracil at 30°C with shaking. Preparation of the crude extract and the 
RESULTS
Construction of deletions in the 5' noncoding region of GAL7'-lac'Z fusions. The first series of deletions, which are referred to as terminal deletions, were constructed from p(I)E-271 which carries the entire GAL7 gene and the 271-bp fragment upstream from its transcription initiation site. The upstream region has been shown to carry the essential signals responsible for the galactose induction as well as for the glucose repression of the GAL7 gene (44) . All the terminal deletions share a fixed 5' endpoint, at which the GAL7 noncoding region is joined to pBR322 DNA by a BamHI linker. The 3' endpoints of these deletions ranged from -271 to +3 (Fig. 3) . A terminal deletion was designated AX, where X indicates the nucleotide number of the deletion end. The numbering proceeds in both directions, taking the transcriptional start as + 1.
The second series of deletions, which are referred to as internal deletions, was constructed by ligating appropriate pairs of deletions introduced from both ends of the 5' noncoding region as described above. The internal deletions have 3' endpoints ranging from -173 to +3 and 5' endpoints ranging from -252 to -79 (Fig. 3 ). An internal deletion was denoted AXIY, where X and Y indicate the 5' and 3' endpoints, respectively.
All the deletions thus constructed contained the initial 398-bp segment of the GAL7 coding region, to which the 5' truncated E. coli lacZ gene was ligated in frame.
Two activating sequences exist in tandem in the GAL7 5' flanking region. We have previously shown (44) that the expression of the GAL7'-lac'Z fusion in A-271 mimics the expression of the chromosomal GAL7 gene in response to galactose, glucose, or trans-acting regulatory mutations, irrespective of state of the gene fusion in yeasts; the GAL7'-lac'Z gene on a multicopy plasmid behaves similarly to that gene on a monocopy plasmid or in an integrated state. The deletions constructed above were therefore carried by the multicopy plasmid and introduced into the yeast strain MT8-1. The transformants grown in media containing various carbon sources were investigated for P-galactosidase activity (Fig. 4) . The Identification of the functional TATA box. We showed previously that three TATA-like sequences are present in the 5' noncoding region of GAL7 (30) (Fig. 3) . The deletion VOL. 6, 1986 on analysis in the present work provided evidence that the TATAAA sequence starting at -63 is essential for initiating GAL7 transcription (Fig. 4) . (i) The deletion A-52, which eliminates the TATA sequence at position -63 leaving the other two TATA-like sequences intact, entirely prevented the expression of the GAL7'-lac'Z fusion. In contrast, A-71, which carries the three TATA-like sequences, directed ,Bgalactosidase synthesis at a significant level (10% of the fully induced level). This enzyme synthesis was, however, independent of galactose or the GAL4 function because of the lack of a UASG7 (see the following section). (ii) The internal deletion A-79/-52 synthesized ,-galactosidase inefficiently even in the presence of galactose, whereas A-79/-71 allowed induction of P-galactosidase synthesis at the maximum level. These results indicated that the TATAAA at position -63 plays the major role in transcription initiation.
Constitutive expression in deletions lacking UASG7s. The deletion A-71, which places the TATAAA sequence of GAL7'-lac'Z 8 bp downstream of the BamHI site of pBR322, caused a constitutive synthesis of P-galactosidase at about 10% of the induced level in the intact GAl7'-lac'Z fusions, regardless of the carbon source (Fig. 4) In the blot hybridization (data not shown), 32P-labeled probe DNA from lacZ hybridized only to a species of RNA molecules 3,500 nucleotides long in the poly(A)+ RNA fraction isolated from strain MT8-1 harboring the GAL7'-lac'Z fusion with either A -271 or A-71 and grown under the induced conditions. Such RNA molecules were present also in poly(A)+ RNA from yeasts bearing A-71 but not in poly(A)+ RNA from yeasts with A-271, when both yeasts were grown under the uninduced conditions. The size of the lacZ-specific RNA was approximately what was expected if the transcription initiated at the authentic start of GAL7 transcription (30) and terminated at a fixed point within the bacterial region just behind the end of lacZ.
In the S1 mapping experiments (Fig. 5) , a fragment about 420 nucleotides long was found as the only S1-resistant band when the 5'-end-labeled probe DNA of GAL7 was hybridized to poly(A)+ RNA from wild-type yeasts (YK3) grown in the presence of galactose (lanes C-3 and C-4). Such an Si-resistant fragment was not observed when yeasts grown in the absence of galactose were used as the source of poly(A)+ RNA (lanes C-1 and C-2). The result was in good agreement with that of a previous experiment (30 practically identical to that in the above experiment was observed. An Si-resistant band with a similar size was observed when yeasts harboring the fusion with A-71 and grown in the absence of galactose were used as the source of poly(A)+ RNA (lanes A-1 and A-2). These experiments strongly suggested, if not proved, that the GAL7'-lac'Z fusions are transcribed starting from the site at which the transcription of the GAL7 gene normally initiates, irrespective of the presence or absence of UASG7.
Effect of trans-acting regulatory mutants on expression of GAL7'-lac'Z fusion. The deletions described above were introduced into the isogenic set of AgaI4, Agal80, and Agal4 Agal80 yeasts which are derived from MT8-1. The activity of ,-galactosidase was assayed in the respective transformants grown on various carbon sources (Table 2 and Fig. 6 ). When the fusions contained one UASG7 and the TATA box (A-271, A-262, A-241, and A-224/-71), no 3-galactosidase synthesis was seen in the Agal4 host (Fig. 6 ) nor in the Agal4 Agal80 host (data not shown) even in the presence of galactose, whereas the fully induced level in the intact GAL7'-lac'Z fusion was achieved in the Agal80 host in the absence of galactose. In other words, expression of these C ------------------- fusions accurately mimicked the expression of the intact GAL7 gene in response to the regulatory mutations. In contrast, the constitutive expression in the deletions which were devoid of both UASG7s (A-173, A-143, A-122, A-94, A-71, and A-252/-71) was not affected by any of these mutations (Fig. 6 ). These data suggested that the effect of the GAL4 product is exerted by its action at UASG7.
Probable involvement of UASG7S in glucose repression. In the previous report (44) , we suggested that the sequence which mediates glucose repression resides within the region between -271 and -92 in the GAL7 5' noncoding sequence. As is clear in the experiments with the wild-type yeasts as the hosts (Table 1 and Fig. 4 ), an efficient glucose repression was observed only in the deletions which retained at least one intact UASG7. Table 2 and Fig. 6 ). Thus, the constitutive enzyme synthesis directed by the UASG7-containing fusions in Agal80 was also subject to glucose repression, whereas the uncontrolled enzyme synthesis by the UASG7-lacking fusions was not. All these results led us to suggest that at least the major part of the glucose repression is mediated by UASG7. This notion received further support in the following experiment. Effect of UASG7 on a heterologous gene. To know whether UASG7 can affect the expression of a heterologous gene, we constructed the plasmids pMT54C and pMT54B, which carry UASG7-1 substituting for the UAS of the PHOS gene encoding repressible acid phosphatase (Fig. 2) . Toh-e has shown (unpublished data) that the PHOS promoter region also consists of a UAS lying about 300 bp upstream from the PHOS transcriptional start and a TATA box lying about 50 bp upstream from that site. The UASG7-1-containing fragments of 48 appeared not to require its precise location with respect to the TATA box of PHO5, since the distance between these two elements could be changed in a range of 100 bp without affecting the efficiency of gene expression (Fig. 7) . One of the PHOS'-lac'Z fusions which does not contain any UAS (A-125P) showed a rather high level of constitutive expression similar to A-71 described above. In contrast, the other UAS-lacking fusion, A-226P, showed 10-fold-lower expression than 4-125P. UASG7-2, either one of which is sufficient for GAL7'-Iac'Z to be fully induced. The base substitutions generated by insertion of the linkers (Table 1 ) enabled us to sharply delimit the essential regions. The precise location of UASG7 with respect to the TATA box is not critical for function as implied in the experiments shown in Fig. 4 and 7 . A striking feature of these sequences is that they display an approximate rotational symmetry. Tandem duplication of the upstream regulatory sequence has been reported to exist in some of the amino acid-synthesizing genes (8) and also in CYC1 (14) . The present experiments with the regulatory mutant Agal4 strongly suggested that the UASG7s are the sites at which the GAL4 protein interacts with GAL7. Thus, enzyme activity in wild-type yeasts carrying a series of terminal deletions and grown in the absence of galactose was comparable to that in the AgaI4 yeasts (and also in Agal80 Agal4; data not shown) carrying the same deletions either in the presence or in the absence of that sugar (Fig. 6) . Furthermore, the constitutive enzyme synthesis directed by those deletions in the /gal8O yeasts exhibited a pattern of expression identical to that in the wild type grown in the presence of galactose (Fig. 6) . These results support the current model (34) that the GAL80 protein exerts its repressive effect on GALI,7,10 by the mediation of the GAL4 protein in the uninduced state, but they do not strictly eliminate the possibility that the GAL80 protein also binds to the taraget gene at the same sites as the GAL4 protein. After this work was completed, Bram and Kornberg (6) reported that a protein likely to be the GAL4 product binds GAL7 DNA at two 30-bp regions, on the basis of DNase I protection mapping. The respective regions entirely cover UASG7-1 and UASG7-2 in the present work.
The deletion analyses of the GALJ-GALJO divergent promoter by two independent groups have also revealed the sequences responsible for the regulation of those genes in a 108-bp region located 250 bp upstream from the TATA box in GAL] (19, 49) . The essential elements, which can be designated UASG1 and UASG1O, have been delimited within a 75-bp segment in the latter experiment (47) . We found that sequences homologous to UASG7 exist in that segment ( (Table 3 ). The GAL80 gene has recently been demonstrated in our laboratory to be under the control of GAL4 and also GAL80 itself (38a). It remains to be determined whether these sequences are in fact responsible for the galactose inducibility of those genes. We suggested that the major component of glucose repression of the GAL7 expression involves UASG7. Deletion of UASG7 rendered the GAL7'-lac'Z gene resistant to the repressive effect of glucose on the expression. Replacement of the UAS of the PHO5 gene with a UASG7 conferred glucose repressibility to the PHO5'-lac'Z gene. One of the plausible explanations of this finding would be that the GAL4 protein is prevented for unknown reasons from binding to UASG in yeasts grown on glucose.
We found that the deletion (A-71) which removes both UASG7S while leaving the TATA box intact allows the GAL7 promoter to function in the absence of galactose at about 10% of the fully induced level. The constitutive expression seemed to be due to transcription that initiates at the site identical to that of the wild-type GAL7 gene (Fig. 5) , suggesting that the UAS is not involved in the determination of the transcriptional start point. Such constitutive expression was also seen in the UAS-deleted PHO5'-lac'Z fusion (A-125P in Fig. 7 ) which was inserted into YEp24 in an arrangement similar to the GAL7'-lac'Z fusion in A-71. The observed expression appeared to require that the TATA box be located close to the pBR322 sequence. We suggest that an unknown sequence of pBR322 was responsible for the uncontrolled expression of the gene fusion in concert with an appropriately placed TATA box. In other words, the GAL4-controlled expression requires the TATA box and UASG7, whereas the uncontrolled expression involves the TATA box and the unknown sequence in pBR322. The distance between these two elements seemed to be critical in the latter situation but not in the former. The molecular mechanism underlying these phenomena remains to be elucidated.
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